aerobic oxygenation in the presence of cobalt salen complexes as catalyst 4) . In this work, as a synthetic utilization of molecular oxygen, we investigated a preparation of polycarboxylic acids by the air oxidation of vicinal diols and their derivatives using molecular oxygen in the presence of cobalt salt.
EXPERIMENTAL

1
Oleic acid (99%) was reagent of Tokyo Kasei Co., Ltd.. Industrial oleic acid was distillated from marketed product "NAA-36" (NOF Co., Ltd.). Cyclohexene oxide, cobalt diacetate, manganese diacetate and hydrobromic acid (47%) were reagent grade of Wako Co., Ltd.. 1-Hydroxy-2-methoxy-cyclohexane (HMC) was prepared from cyclohexene oxide and methanol according to the reference 5) , bp 85-90 ˚C (20hPa): reference bp 82-83 ˚C (16hPa). 1-Hydroxy-2-acetoxy-cyclohexane (HAC) was prepared from cyclohexene oxide and acetic acid according to reference 6) .
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Analytical sample was prepared by removing acetic acid from reaction solution. According to the general analysis in oleo chemistr y, the following values (vic-OHV and S-vic-OHV) were determined to calculate the yield of oxidation of vicinal diols.
Analysis by vic-hydroxyl value (vic-OHV)
Amount of vicinal diols in a sample (A, mmol/g) was determined by a compliant method for fatty acid monoglyceride content using periodic acid specified by "Standard Methods for the Analysis of Fats, Oils and Related Materials" 7) . Based on amount of vicinal diols, vic-hydroxyl value (vic-OHV) was calculated as follows.
vic-OHV (mgKOH/g) = 56.11 * A 2.2.2 Analysis by vic-hydroxyl value after saponification (S-vic-OHV) Saponification of weighed sample was carried out by refluxing for 1h in 0.5N sodium hydroxide aqueous solution, followed by neutralization with concentrated hydrochloric acid and extraction with diethyl ether. After concentration, amount of vicinal diols in sample (AS, mmol/g) was analyzed by "Standard Methods for the Analysis of Fats, Oils and Related Materials" 7) . S-vic-hydroxyl value (S-vic-OHV) was calculated based on amount of vicinal diols.
S-vic-OHV (mgKOH/g) = 56.11 * AS 2.2.3 Analysis of distillate By the distillation of analytical sample, a mixture of monocarboxylic acids and dicarboxylic acids was obtained. Conversion of oxidation cleavage was estimated based on the amount of distillation residue. After esterification of acid mixture using diazomethane, distribution of monocarboxylic acids and dicarboxylic acids was analyzed by GLC using GC4A-PTF (Shimadzu) and 20%DEGS on Neosorb NC (3 m) at 150 ˚C.
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2.3.1 Equipment for air oxidation with pure oxygen A glass cylinder equipped with a reflux condenser, blowing nozzle and exhausting tube as shown in was used as a reaction apparatus. Oxygen gas was blown into the reaction apparatus by gas pump. Amount of oxygen absorbed through oxidation was measured by gas burette. A partial pressure of oxygen was estimated as 0.04MPa based on the difference between atmospheric pressure (0.1MPa) and a vapor pressure of acetic acid (0.06MPa) at the reaction temperature 100 ˚C.
Equipment for air oxidation with compressed air
An autoclave equipped with a mechanical stirrer, blowing nozzle and exhausting tube was used as a reaction apparatus. Compressed air was blown into the autoclave at a given temperature. Amount of oxygen absorbed through oxidation was also estimated by measurement of oxygen concentration of exhausting gas from autoclave. A partial pressure of oxygen was assumed 0.4MPa, a partial pressure of oxygen in the compressed air (2 MPa).
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2.4.1 Oxidation of 1-hydroxy-2-acetoxycyclohexane (HAC) To 100 mL of the acetic acid solution of HAC 1 mol/L, Co(OAc) 2 10 mmol/L and HBr 20 mmol/L was blown pure oxygen at 100 ˚C under atmospheric pressure.
Composition of the reaction mixture was determined as follows: The reaction mixture were solved into pyridine and converted to silyl esters by using trimethylchlorosilane and hexamethyldisilazane. The pyridine solution was analyzed directly by GLC using GC4A-PTF (Shimadzu) and Silcone OV-1 (1 m) at 180 ˚C. Except of using HMC as a substrate, the reaction was carried out in a similar manner as described in 2.4.1. 2.4.3 Oxidation of unsaturated fatty acids 2.4.3.1 Preparation of 9,10-dihydroxystearic acid (DHS and i-DHS) According to reference 8) , highly pure DHS was obtained from oleic acid (99%), hydrogen peroxide and formic acid followed by recrystallization in 95% ethyl alcohol.
The industrial DHS (i-DHS) was similarly prepared except of using industrial oleic acid (NAA-36). 2.4.3.2 Preparation of mixture of unsaturated fatty acids (DEE mixture) To a 5000 mL four-neck flask equipped with a mechanical stirrer and reflux condenser, 2.68 kg of industrial oleic acid (IV 90.7) (amount of double bonds: 9.58 mol) and 135 g of 88%formic acid were added. Under stirring, 657 g of 60% H 2 O 2 (11.6 mol) was added dropwise for 1 h with keeping at 75 ˚C. Additionally, each 22 g of 88% formic acid was added at 3 h, 4 h and 5 h with keeping at 75 ˚C for 7 h. Then, formic acid and water were removed under reduced pressure to afford 3.01 kg of DEE mixture of industrial oleic acid was obtained.
According to "Standard Methods for the Analysis of Fats, Oils and Related Materials", analytical data of DEE mixture were obtained as follows; IV 1.1, SV 236, NV 150, OHV 195, vic-OHV 109, S-vic-OHV 236, but oxirane oxygen was not detected. On assuming the double bonds were converted to 3 oxygen-containing compounds, vicinal diols, ester-monool and ether-monool, composition of DEE mixture was calculated as follows: vic-diols 2.92 mol (31%), ester-monool 1.68 mol (28%), ether-monool 1.92 mol (40%), and remaining double bonds 0.14 mol (1%). In this calculation, amount of ether-monool was estimated as difference between amount of decrease of the double bonds and content of vicinal diols after saponification. 2.4.3.3 Air oxidation with cobalt acetate system According to reference 9) , pure DHS was oxidized in chlorobenzene in the presence of cobalt acetate (0.3 mmol/L) by pure oxygen at 55 ˚C under atmospheric pressure for 1 h. The reaction conversion was 95%. Dicarboxylic acids (azelaic acid and suberic acid) were obtained totally in 89% yield and monocarboxylic acids (pelargonic acid and caprylic acid) were also obtained in 85% yield. Similar result was obtained when acetic acid was used as solvent at 100 ˚C for 4 h.
Meanwhile, in the case of using i-DHS, absorption of oxygen did not occur at all. Moreover, even using DEE mixture from pure oleic acid (99%), absorption of oxygen could not be observed. 2.4.3.4 Air oxidation of DEE mixture with Co-Mn-Br system To 100 mL of the acetic acid solution of 15-30 g of DEE mixture, Co(OAc) 2 10 mmol/L, HBr 20 mmol/L and Mn(OAc) 2 10 mmol/L was blown pure oxygen at 100 ˚C under atmospheric pressure. When oxygen absorption became slow, aqueous hydrobromic acid solution was properly added.
RESULTS AND DISCUSSION
In our previous works, as we have attended hydrogen peroxide as a low-costed, clean and environmentally friendly oxidizing reagent, we investigated the oxidative cleavage of vicinal diol derivatives, 1,2-dihydroxyhexane (DHC) and 1-hydroxy-2-methoxycyclohexane (HMC), with 12-tungstophosphoric acid -hydrogen peroxide system and clarified that oxidative cleavage of vicinal diols, is the rate-determine step and would proceed via Baiyer-Villiger rearrangement of dihydroxy-hydroperoxide 3) . In this work, at first, we further applied this oxidation system for 1-hydroxy-2-acetoxy-cyclohexane (HAC), where one hydroxyl group of DHC is blocked by ester group.
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As shown in , the oxidation reaction of HAC to dicarboxylic acids was very slow compared to that of DHC or HMC. This smaller rate can be explained in terms of the insolubility of HAC into water while DHC and HMC are soluble in the system. On the other hand, when HAC was suspended in aqueous 12-tungstophosphoric acid solution, HAC was gradually hydrolyzed to produce DHC and acetic acid. Therefore, it can be reasonable that dicarboxylic acids might be obtained by the oxidation of DHC produced by hydrolysis of HAC, not by the direct oxidation of HAC.
Generally, it is preferable that the oxidation is carried out in homogenous system (liquid phase). Considering HAC and 12-tungstophosporic acid is sufficiently soluble in acetic acid, acetic acid would be a suitable solvent. However, hydrogen peroxide is also known to produce dangerous acid peroxides with organic acids such as acetic acid. Thus, we investigated the oxidative cleavage for compounds, which are insoluble in aqueous system such as HAC, in homogeneous system by using molecular oxygen instead of hydrogen peroxide.
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We carried out the air oxidation of HAC in acetic acid in the presence of 12-tungstophosphoric acid, but no absorption of oxygen was observed, which may be due to the difficulty of oxidation of 12-tungstophosphoric acid to its peroxo-derivative by molecular oxygen.
Various metal salts such as cobalt acetate have been reported as efficient liquid phase air oxidation catalysts. For example, as shown in , vicinal diols were oxidatively cleaved to two aldehydes by air in the presence of cobalt acetate in acetic acid, and further oxidized to carboxylic acids 10) . We also examined air oxidation of HAC in the presence of cobalt acetate in acetic acid, but absorption of oxygen did not occur at all.
Meanwhile, combination use of cobalt salt and bromide are known as effective catalyst for liquid phase air oxidation (LPAO). Schaeffer reported that Co(OAc) 2 Br was highly active for the preparation of carboxylic acids from aromatic compounds by LPAO compared to Co(OAc) 3 11) . Next, we investigated the combination of cobalt salt and bromide for air oxidative cleavage of HAC and HMC, which were not air oxidized in the presence of cobalt acetate alone. Liquid phase air oxidation of HAC in acetic acid was carried out under the reaction condition as follows; HAC concentration: 1 mol/L, Co(OAc) 2 : 10 mmol/L, HBr: 20 mmol/L, and pure oxygen blowing under atmospheric pressure at 100 ˚C. As shown in where GLC composition was plotted against time after absorption of oxygen started, oxidation proceeded as expected, but a mixture of adipic acid and glutaric acid was produced. The ratio of glutaric acid to adipic acid (DA 5 /DA 6 ) was 0.37. At the present, we suspected that glutaric acid would be produced by decarboxylation of adipic acid followed by further oxidation. But, details are uncertain.
Furthermore, air oxidation of 1-hydroxy-2-methoxycyclohexane (HMC) was carried out under similar conditions. As shown in , oxidation proceeded similarly to give a mixture of adipic acid mono methyl ester, adipic acid, glutaric acid monomethyl ester and glutaric acid at almost same amounts, which was unexpected because we presumed that the products of air oxidation would be the monomethyl esters. It can be explained that dicarboxylic acids would be produced by transesterification between monoesters and excess acetic acid. The overall ratio of DA 5 /DA 6 was 1.0.
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In other works on the oxidative cleavage of carbon-carbon double bond by using molecular oxygen, Kudo et al. proposed a preparation of azelaic acid [HOOC-(CH 2 ) 7 -COOH, nonanedioic acid] from oleic acid 12) . But, the reaction was considerably slow and azelaic acid was only 30-40% based on consumed oleic acid probably due to the low selectivity about position of oxidation. As generally known, in the auto-oxidation process, molecular oxygen would often attack the a-position of C=C and C=O to produce -OOH
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J. Oleo Sci. 58, (12) group, and isomerization of double bond could occur. Thus, direct oxygenation of unsaturated fatty acids seems not a practical method for preparing azelaic acid.
To confirm the usefulness of LPAO process shown above, we applied LPAO for the preparation of azelaic acid. 3.3.1 Preparation of azelaic acid from oleic acids At first, with regarding the control of the position of oxidative cleavage must be important, we selected 9,10-dihydroxystearic acid (DHS) as a raw material for air oxidation. Highly pure DHS was obtained by the reaction of oleic acid (99%) and hydrogen peroxide -formic acid followed by saponification, neutralization and recrystallization in 95% ethyl alcohol 8) . Similar to the reference 9) , we oxidized the highly pure DHS in the presence of cobalt acetate by blowing pure oxygen into reaction solution under atmospheric pressure and azelaic acid and pelargonic acid were obtained in 89% and 85% yields, respectively. However, instead of the highly pure DHS, the reaction mixture of oleic acid (99%) and hydrogen peroxide -formic acid followed by only removing formic acid and water under reduced pressure, which was analyzed to contain about 40% of formate of DHS, was not oxidized at all in the same system. Moreover, we also prepared another DHS from industrial oleic acid (i-DHS) and investigated oxidation cleavage of i-DHS in the same system. Unfortunately, no absorption of oxygen was observed and i-DHS could not be oxidized at all. As industrial oleic acid was analyzed to contain various kinds of unsaturated and saturated fatty acids as oleic acid (65.5%), vaccenic acid (5.1%), palmitoleic acid (4.5%), linoleic acid (10.3%), linolenic acid (0.9%) and saturated fatty acids (13.7%), i-DHS was a mixture of dihydroxy, tetrahydroxy and some saturated acids even after saponification and recrystallization. It may indicate that contamination would inhibit oxidation of DHS. Then, we investigated further effective other catalysts for oxidative cleavage of i-DHS.
On considering the case of oxidation cleavage of HAC by using cobalt acetate and HBr, we examined the LPAO of i-DHS in acetic acid similarly. As expected, the LPAO proceeded smoothly at ease. But, several kinds of dicarboxylic acids and monocarboxylic acids were obtained. By GLC analysis of dicarboxylic acids after esterification, it was found that azelaic acid (DA 9 ), suberic acid (DA 8 ), pimelic acid (DA 7 ), adipic acid (DA 6 ) and glutaric acid (DA 5 ), 68%, 14%, 4%, 4% and 4% were obtained respectively. The major dicarboxylic acids were DA 9 and DA 8 (total yield 82%). With respect to the distribution in dicarboxylic acids, it is discussed later. Monocarboxylic acids consisted of nonanoic acid, octanoic acid, heptanoic acid, hexanoic acid and pentanoic acid. 3.3.2 Oxidative cleavage of DEE mixture of unsaturated fatty acids Next, as the reduction of processes must be practically important, we investigated the oxidation cleavage of reaction mixture of available industrial oleic acid and hydrogen peroxide -formic acid followed by only removing formic acid and water under reduced pressure, which was a mixture of vic-diol (31mol%), ester-monool (28mol%), ether-monool (40mol%), double bonds residue (1mol%) as shown in . Hereafter, this crude raw material was termed as DEE (diol-ester-ether) mixture.
At first, pure oxygen was blown into the acetic acid solution of DEE mixture in the presence of cobalt acetate alone, but absorption of oxygen did not occur at all. Then, with maintaining amount of cobalt acetate, various additives were investigated. Similar to i-DHS, when HBr was added, the LPAO of DEE mixture proceeded as easily as i-DHS. As major products were DA 9 and DA 8 similar to i-DHS, we employed yield of DA 9+8 (%), a sum of azelaic and suberic acid yields, where yields were calculated based on total amount of oleic acid, palmitoleic acid, linoleic acid and linolenic acids in industrial oleic acid. Results are summarized . In coexistence of HBr, the reaction proceeded to afford dicarboxylic acids in high yields as expected, but as shown in there was induction period of about 2.5 h to start absorption of oxygen in the case of cobalt acetate-HBr system. This induction period would be a necessary time to stimulate sufficient amount of active Co(III) from Co(II) by autooxidation in the system to start the smooth oxidative cleavage.
When potassium acetate was added to this cobalt acetate-HBr system, induction period was reduced to 1.5 h. Furthermore, addition of manganese acetate to cobalt acetate-HBr system lead to disappearance of induction period and the oxidation initiated quite readily. With respect to enhancement by the addition of Mn(OAc) 2 , it can be explained in terms of synergism of Co-Mn proposed by Kamiya 13) that Mn(II) would be converted to Mn(III) more easily by peroxide radicals, and Co(II) can be converted to Co(III) more easily by resulting Mn(III), and so the induction period disappeared. On the other hand, when cerium acetate was used instead of cobalt acetate, absorption of oxygen was not observed at all.
After several experiments at various concentration of DEE and catalysts, we obtained a standard method of LPAO of DEE mixture in Co(OAc) 2 -Mn(OAc) 2 -HBr (Co-Mn-Br) system as follows: Concentration of DEE mixture in acetic acid should be 15-30 wt%, Co(OAc) 2 , HBr and Mn(OAc) 2 are used at the amount of 10 mmol/L, 20 mmol/L and 10 mmol/L, respectively, and molecular oxygen is blown into this solution. When absorption of oxygen becomes slow, hydrobromic acid should be added properly into the reaction solution because it would be due to decrease in concentration of bromide ion probably caused by Br 2 formation by radical dimerization of bromine radical and elimination out of reaction system with exhauting gas.
Distribution of dicarboxylic acids
Besides, we investigated the distribution of monocar-boxylic acids and dicarboxylic acids isolated by distillation from the reaction mixture. The result of dicarboxylic acids is shown in . Because oleic acid, linolic acid and linoleic acid have a double bond at 9-position, oxidative cleavage of DEE mixture of these unsaturated fatty acids must produce azelaic acid. But, as shown in , not only azelaic acid but also dicarboxylic acids of carbon number 11, 10, 8 and shorter were apparently detected. Dicarboxylic acids of carbon number 11 and 10 were suspected to be derived from vaccenic acid (11-octadecenoic acid) contained in the industrial oleic acid. With respect to dicarboxylic acids equal or less than carbon number 8, a ratio of suberic acid (octanedioic acid) and azelaic acid (DA 8 /DA 9 ) was 0.36, which is quite similar to the ratio of DA 5 /DA 6 observed in the case of HAC. Therefore, it can be explained that they were produced by a-oxidation of azelaic acid and following decarboxylation-oxidation. These hyperoxidation would occur notably depending on the reaction time and the dicarboxylic acids from DEE mixture were oxidized again to produce short-chained dicarboxylic acids. 
Polycarboxylic Acid by Oxidative Cleavage with Oxygen
oxygen, P O2 , is shown in . Increase of P O2 from 0.04 MPa to 0.4 MPa would mean 10 times larger concentration of oxygen dissolved in the reaction solution at same temperature. As easily suspected, this increase of P O2 accelerated oxidation, but total yields of azelaic acid and suberic acid were slightly decreased.
Besides, in the case of oxidation by compressed air under 2 MPa, elevation of temperature from 100 ˚C to 110 ˚C accelerated the oxidative cleavage, but the DA 9+8 (%) was slightly decreased. Meanwhile, in the case of oxidation under atmospheric pressure (0.1 MPa), absorption of oxygen was considerably slowed even at 110 ˚C. This might be explained as follows: a vapor pressure of acetic acid increases to 0.08 MPa at 110 ˚C and P O2 decreases to 0.02 MPa, which would result in decrease of oxygen in the solution.
Effect of hydrohalic acids in LPAO in the presence of cobalt and manganese acetate was investigated. As shown in , HBr gave the most effective result and HCl was
635
J. Oleo Sci. 58, (12) less effective than HBr, while HI was not effective at all though HI has the strongest acidity in these hydrohalic acids. Interestingly, HBr could be partially replaced by HCl, and 3/4 replacement was possible without reaction deactivation. Though not discussed in detail, we also found that CoBr 2 and manganese acetate showed almost same result as Co-Mn-Br system. Therefore, the difference of effects might be depending on the coordination property of halide to cobalt acetate, not acidity of hydrohalic acid. But details are now uncertain. At last, effect of composition of unsaturated fatty acid in starting materials was also investigated to apply our LPAO of DEE mixture with Co-Mn-Br system for other raw materials. As shown in , we selected tall acid and soybean acid which contain higher amounts of linoleic acid and linolenic acid. As expected, air oxidative cleavage with Co-Mn-Br system occurred to produce dicarboxylic acids, but it was found that higher amounts of double bonds in raw materials would lower yields of dicarboxylic acids.
CONCLUSION
In this work, efficient preparation of polycarboxylic acids by liquid phase air oxidation (LPAO) with Co-Mn-Br system was investigated.
Adipic and glutaric acids were successfully obtained from 1-hydroxy-2-acetoxycyclohexane by oxidation cleavage using molecular oxygen in the presence of cobalt acetate, manganese acetate and HBr in acetic acid solution. 9, 10-Dihydroxystearic acid was oxidized to afford azelaic acid, suberic acid and monocarboxylic acids.
Azelaic acid, suberic acid and monocarboxylic acids were also obtained from DEE mixture of industrial oleic acid by oxidative cleavage with molecular oxygen / Co-Mn-Br system.
With respect to reaction condition, increase of partial pressure of molecular oxygen (P O2 ) or elevation of temperature accelerated oxidative cleavage, but total yields of azelaic acid and suberic acid slightly decreased. As an effect of hydrohalic acids, HBr was the most effective. Soybean acid and tall acid were also oxidatively cleaved to dicarboxylic acids with Co-Mn-Br system, but it was found that higher amounts of double bonds in raw materials would lower yields of dicarboxylic acids.
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